Studies of semantic memory in probable Alzheimer's disease (AD) have focused on the degradation of semantic knowledge, but other work in AD suggests an impairment in the semantic categorization processes that operate on this knowledge. We examined the categorization of object descriptions, where semantic category membership judgments were based on rule-based or similarity-based categorization processes. We found that AD patients were selectively limited in their semantic categorization under conditions requiring a rule-based approach. However, AD patients did not differ from healthy seniors under conditions based on judgments of overall similarity. We showed that this was not due to nonspecific or overall task-related difficulty associated with the rule condition by asking the subjects to use similarity-based judgments of perceptually degraded versions of the stimuli. The results of this condition did not differ from other similarity-based judgments but did differ from the rule-based condition in AD. Rule-based judgments of semantic category membership correlated with executive measures of inhibitory control and mental search, but not with measures of episodic memory or overall dementia severity, suggesting a contribution of executive resources to rule-based semantic categorization. Moreover, the pattern of limited rule-based categorization in AD closely resembled the performance profile of patients with frontotemporal dementia, further implying that executive resource limitations underlie AD patients' limited rule-based semantic categorization. These findings suggest that semantic memory difficulty in AD is due in part to a deficit in executive processes that are central to rule-based categorization in semantic memory.
Studies of semantic memory have emphasized the degradation of semantic knowledge in patients with central nervous system disease (for reviews, see Grossman & Koenig, in press; Humphreys & Forde, 2001; and Saffran & Schwartz, 1994) . However, this work has not fully explained the comprehension difficulty that is found in common neurodegenerative conditions such as probable Alzheimer's disease (AD). Given observations that comprehension is among the most important predictors of end-points, such as the need for nursing home placement, in AD (Chan, Salmon, Butters, & Johnson, 1995) , it is crucial to identify additional factors that contribute to impaired semantic memory in these patients. In the present study, we investigated deficits in the categorization processes that AD patients apply to this semantic knowledge.
Models of semantic memory include at least two components: the knowledge that has been accumulated over time, and the processes that are engaged to access and use this knowledge. There is considerable evidence that patients with AD are impaired on measures of semantic memory. Deficits have been documented using a wide variety of techniques, including difficulty on measures involving expression, such as confrontation naming (Bayles, Tomoeda, & Trosset, 1990; Chan et al., 1993; Hodges, Patterson, Graham, & Dawson, 1996; Huff, Corkin, & Growdon, 1986; Knesevich, LaBarge, & Edwards, 1986; Tippett, Grossman, & Farah, 1996) and category naming (Bayles, 1982; Mickanin, Grossman, Onishi, Auriacombe, & Clark, 1994; Monsch, Bondi, Butters, & Paulsen, 1994; Salmon, Heindel, & Lange, 1999) , as well as on comprehension measures, such as word-picture matching Silveri & Leggio, 1996) and semantic priming (Albert & Milberg, 1989; Bushell & Martin, 2002; Chertkow et al., 1994; Glosser, Friedman, Grugan, Lee, & Grossman, 1998; Martin, 1992) .
Perhaps the strongest work suggesting the degradation of semantic knowledge in AD comes from observations of a deficit for a specific category of knowledge relative to other knowledge categories, even when these are examined with the identical task (Garrard et al., 2001 ; Garrard, Patterson, Watson, & Hodges, 1998; Gonnerman, Andersen, Devlin, Kempler, & Seidenberg, 1997; Lambon Ralph, Patterson, & Hodges, 1997; Mauri, Daum, Sartori, Riesch, & Birbaumer, 1994; Montanes, Goldblum, & Boller, 1995 Silveri, Daniele, Giustolisi, & Gainotti, 1991) . Some investigators have related this to degradation of the neural representation of specific features represented in modality-specific association regions of the brain (Allport, 1985; Shallice, 1988) . Evidence consistent with this view comes from studies of brain-damaged patients (Damasio, Grabowski, Tranel, Hichwa, & Damasio, 1996; Gainotti & Silveri, 1996; Gainotti, Silveri, Daniele, & Giustolisi, 1995; Hart & Gordon, 1992; Hillis et al., 2001; Pietrini et al., 1988) and functional magnetic resonance imaging (fMRI) studies of healthy adults (Chao, Haxby, & Martin, 1999; Damasio et al., 1996; Grabowski, Damasio, & Damasio, 1998; Martin, Wiggs, Ungerleider, & Haxby, 1996 ; C. J. Moore & Price, 1999; Perani et al., 1995; C. D. Smith et al., 2001) . Others have emphasized a distributed network that does not necessarily have a focal neural representation (Devlin, Gonnerman, Andersen, & Seidenberg, 1998; Devlin et al., 2002; McRae, de Sa, & Seidenberg, 1997; Tippett & Farah, 1994; Tyler & Moss, 2001) .
The second component of our hypothesized semantic memory system is the focus of the present study, in which we were concerned with the processes that AD patients engage when accessing and using semantic memory. An object is categorized with like objects in order to understand its meaning Although some have proposed a singlesystem approach (Nosofsky & Johansen, 2000; Nosofsky & Palmeri, 1998) , we tested the hypothesis that at least two kinds of processes contribute to semantic category membership decisions about word meaning. The first kind of process involves a global comparison of a test object with remembered instances of the semantic category (Medin, Goldstone, & Gentner, 1993; Medin & Schaffer, 1978) , or, possibly, a comparison with a mental prototype representing category members (Rosch & Mervis, 1975;  E. E. Smith & Medin, 1981) . This similarity-based semantic process is relatively rapid and appears to depend, in large part, on sensory-motor features such as the appearance of an object. A second kind of categorization process involves a more analytic, or rule-based, approach, where an object is evaluated with reference to a set of critical features (Patalano, Smith, Jonides, & Koeppe, 2001 ; E. E. Smith & Sloman, 1994) . This analytic process has significant executive resource demands: The set of critical features must be kept active in working memory, where they are updated in an organized manner to keep track of the results of the rule-based process; switching allows exploration of the many features associated with an object; selective attention governs inspection of the object for the relevant features; and inhibitory control manages irrelevant features even if they are highly salient. It is not difficult to conceive of specific situations in which either a similarity-based or a rule-based approach to semantic categorization may be most useful, and this has prompted investigators to posit that both approaches are available to people, depending on the demands of a particular situation (Allen & Brooks, 1991; Hampton, 1998; Rips, 1989; E. E. Smith & Sloman, 1994) .
Much experimental evidence has supported this dual approach to semantic categorization (Rips, 1989; E. E. Smith & Sloman, 1994) . In these studies, subjects were given a description of an object (e.g., "a round object 2 in. in diameter") and then were asked to choose which of two available category names (in this case, "pizza" and "quarter") went best with the description. All of the descriptions included a quantitative feature that was in between the relevant dimension of the available choices (e.g., "2 in." is between the diameters of a pizza and a quarter). Moreover, one of the associated semantic categories was fixed in the relevant dimension (e.g., a quarter) and the other was variable in its relevant dimension (e.g., a pizza). The description and the two choices were presented under two conditions. The first involved a similarity judgment, where subjects decided which category bore a closer overall resemblance to the description. The second condition involved analytic or rule-based processing, since the subjects were told that only one of the choices was correct. In the latter case, the categorization process entailed identifying the category that was fixed in the relevant dimension (e.g., a quarter), understanding that this category could not meet the criterion specified in the description (e.g., a quarter by definition is fixed at a diameter that is not 2 in.), and then choosing the category that was variable on the relevant dimension (e.g., a pizza can be any diameter). Rips (1989) and E. E. Smith and Sloman (1994) demonstrated that semantic categorization decisions varied depending on the instructions. Under the rule condition in which a subject decided which one of the categories must be portrayed by the description, the subjects were more likely to choose the category that could vary on the appropriate dimension (in this case, a quarter cannot be 2 in. in diameter, so the description must be of a pizza); under the similarity condition, the dimensionality of the object description was designed so that the two types of categories were selected equally often. This pattern of findings was taken as evidence that people implement either similarity-based or rule-based processes during the categorization required to understand an object description.
The status of these categorization processes in AD is unclear. Studies relevant to the rule-based approach to semantic categorization have probed judgments of specific attributes associated with a word. Some work has demonstrated inaccurate judgments of the attributes of words in AD (Chertkow & Bub, 1990; Cox, Bayles, & Trosset, 1996; Flicker, Ferris, Crook, & Bartus, 1987; Martin & Fedio, 1983) ; others have shown that AD patients are accurate but slow (Grober, Buschke, Kawas, & Fuld, 1985; Nebes & Brady, 1990; E. E. Smith, 1995) . Unfortunately, stimulus features presented to patients have at times been critical to a category, whereas others have been salient but irrelevant, and these have not been distinguished from each other in any consistent fashion. Studies pertinent to similaritybased semantic categorization in AD have asked subjects to judge the typicality of various exemplars in a category. These investigations also have yielded mixed results. Some work has demonstrated relatively preserved typicality judgments, such as greater accuracy and speed for more typical exemplars of a category (Cronin-Golomb, Keane, Kokodis, Corkin, & Growdon, 1992; Johnson & Hermann, 1995) ; other studies have suggested that typicality judgments may be abnormal, particularly for less representative instances of a category (Chan et al., 1993; Grober et al., 1985; . In the present study, we modified the procedure of Rips (1989) and E. E. Smith and Sloman (1994) in order to evaluate more carefully the integrity of the rule-based processes that contribute to semantic comprehension. We predicted that AD patients would be limited to using similaritybased processes during categorization challenges.
Evidence supporting the hypothesis of poor rule-based categorization in AD can be derived from two sources. First, many recent observations suggest that AD patients have limited executive resources (Binetti, Padovani, Cappa, Bianchetti, & Trabucchi, 1996; Fisher, Freed, & Corkin, 1990; LaFleche & Albert, 1995; Pate, Margolin, Friedrich, & Bentley, 1994; Patterson, Mack, Geldmacher, & Whitehouse, 1996; . We used correlations in the present study to examine the contribution of specific executive resources to rule-based semantic categorization. Several reports have attributed AD patients' impaired performance on off-line semantic measures to a nonspecific limitation of task-related resources (Nebes & Brady, 1988 Ober & Shenaut, 1995; Ober, Shenaut, Jagust, & Stillman, 1991) . To dissociate specific executive resources from nonspecific or overall task-related difficulty, we adopted the technique of presenting perceptually degraded stimuli (Barch, Braver, Nystrom, Forman, & Cohen, 1997) . We hypothesized that limited executive resources contribute to an impairment in rule-based aspects of semantic categorization and that rule-based categorization deficits do not depend on nonspecific task difficulty.
A second source of evidence consistent with a rulebased semantic categorization impairment in AD involves the assessment of patients with frontotemporal dementia (FTD). This is a progressive neurodegenerative condition that tends to affect frontal and anterior temporal portions of the brain (Brun & Gustafson, 1993; Grossman, 2002; Gustafson, 1993; The Lund and Manchester Groups, 1994; McKhann et al., 2001; Neary et al., 1998; Snowden, Neary, & Mann, 1996) . These patients do not have prominent episodic memory deficits early in the course of their disease, although they are compromised in their performance on several other cognitive and behavioral domains. Some of these patients-the subgroup of FTD patients with semantic dementia-appear to have a progressive form of aphasia that is associated with an obvious impairment of semantic memory and lexical retrieval Hodges et al., 1999; Lambon Ralph, McClelland, Patterson, Galton, & Hodges, 2001; Murre, Graham, & Hodges, 2001; Snowden, 1999) . Another subgroup of FTD patients has a nonfluent form of progressive aphasia that is associated with effortful speech and grammatical comprehension difficulty (Grossman, Mickanin, et al., 1996; Snowden, Neary, Mann, Goulding, & Testa, 1992) . Other FTD patients have executive resource deficits and a disorder of social comportment without an obvious aphasia (Elfgren, Passant, & Risberg, 1993; Pasquier, Lebert, Grymonprez, & Petit, 1995; Rahman, Sahakian, Hodges, Rogers, & Robbins, 1999) . Progressive nonfluent aphasic and executive/behavioral subgroups of FTD patients are generally superior to AD patients in their lexical comprehension Grossman, Mickanin, et al., 1996) . However, detailed analyses of error patterns suggest deficits even in these FTD patients on probes of single-word comprehension , suggesting a role for executive resources in decisions about single-word meaning. Support for this possibility comes from functional neuroimaging studies of word meaning that have implicated portions of the frontal cortex in decisions about single-word meaning (Demb et al., 1995; Demonet et al., 1992; Grossman, Smith, et al., 2002; Kapur et al., 1994; Petersen, Fox, Posner, Mintum, & Raichle, 1989; Poldrack et al., 1999; Raichle et al., 1994; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997; Tulving, Kapur, Craik, Moscovitch, & Houle, 1994) . We predicted that the rule-based processing deficit in AD patients' semantic categorization difficulty would resemble the rule-based semantic processing deficit in FTD patients.
METHOD Subjects
We assessed 23 right-handed native English speakers who were diagnosed with probable dementia of the Alzheimer's type (AD), according to National Institute of Neurological and Communicative Diseases and Stroke-Alzheimer's Disease and Related Disorders Association criteria (McKhann et al., 1984) . These patients were recruited from the Department of Neurology at the Hospital of the University of Pennsylvania. AD patients were screened for severity of dementia, and participation was restricted to mildly and moderately impaired patients according to the Mini-Mental State Exam (MMSE; Folstein, Folstein, & McHugh, 1975) . 1 We identified patients so that they matched the MMSE of FTD patients (see below). On the basis of a comprehensive medical history and review of systems, a structured neurologic exam, serum studies, structural imaging studies with MRI, and functional neuroimaging studies with SPECT or PET, we excluded patients with other causes of dementia (such as vascular disease or hydrocephalus), psychiatric disorders (such as primary depression or psychosis), medical illnesses or metabolic conditions that may have resulted in encephalopathy, in-fectious diseases that may have resulted in progressive intellectual decline, and/or other medical conditions that may have an impact on cognitive performance. None of the subjects was taking sedating medications at the time of testing.
We also studied 17 patients with FTD, identified in the out-patient clinic at the Department of Neurology of the University of Pennsylvania according to a modified version of the Lund-Manchester criteria (The Lund and Manchester Groups, 1994; McKhann et al., 2001) . Briefly, these right-handed native English speakers exhibited features of progressive cognitive and/or behavioral decline involving impairments in language, planning, and social comportment that limited their ability to sustain complex activities, such as maintaining a job or managing a household, despite relatively preserved episodic memory functioning early in the course of the disease. As with the AD patients, a comprehensive medical history, a review of systems, a structured neurologic exam, serum studies, structural imaging studies with MRI, and functional neuroimaging studies with SPECT or PET were used to exclude patients with other causes of dementia (such as vascular disease or hydrocephalus), psychiatric disorders (such as primary depression or psychosis), medical illnesses or metabolic conditions that may have resulted in encephalopathy, infectious diseases that may have resulted in progressive intellectual decline, and/or other medical conditions that may have an impact on cognitive performance. We subgrouped FTD patients clinically on the basis of criteria described by Neary et al. (1998) , as modified more recently during a reliability assessment ). These subgroups included progressive nonfluent aphasia (n 5 6; effortful, agrammatic spontaneous speech that may be dysarthric, associated with naming difficulty), semantic dementia (n 5 6; fluent, circumlocutory spontaneous speech with impaired single-word comprehension), and dysexecutive and behavioral disorder (n 5 5; impaired executive functioning and disordered social comportment with relatively preserved speech). Consensus subgrouping was achieved through independent review of a semistructured medical history, mental status examination, and neurological examination of each FTD patient by two or more trained reviewers. If subgrouping agreement was not achieved, a consensus discussion resolved differences. The AD patients and the FTD patients were matched in their overall dementia severity, according to the MMSE [t(38) 5 0.42, n.s.]. The subjects were not taking any sedating medications at the time of testing, although several of the patients were taking small doses of a serotonin-specif ic reuptake inhibitor, a dopaminergic agonist, or a neuroleptic agent.
These patients were compared with 31 healthy seniors who were right-handed native English speakers. The healthy control subjects were matched with the patients for age [AD, t(52) . Pilot work showed that healthy control subjects are able to recall the learning conditions over 1 month, so contamination effects were avoided by asking each of the control subjects to participate in only one of the three conditions (see below). Assignment to a condition was random. The control subjects were then assembled into roughly 10 pseudosubjects for statistical comparison with the AD and the FTD patients.
Demographic features of the patients and the healthy control subjects are summarized in Table 1 . We also summarize in Table 1 performance on neuropsychological measures of semantic memory, episodic memory, and executive functioning administered to the patients in a different session conducted within 3 months of the categorization procedure. Z scores based on 25 age-and educationmatched control subjects are provided. We report the following measures.
Episodic memory (Welsh, Butters, Hughes, Mohs, & Heyman, 1991) . Patients repeated an aurally presented list of 10 one-syllable and two-syllable nouns on three successive trials. Following a brief filled period, during which another task was performed, patients were asked to recall the words and then recognize the target words intermixed with an equal number of foils. We report the number of correctly recalled words following a filled delay.
Semantic association (Howard & Patterson, 1992) . On the Pyramid and Palm Tree Test, the subjects decided which of two available choices was more closely associated with a target stimulus. We administered both word triads and picture triads and we report accuracy averaged across both materials.
Visual confrontation naming (Kaplan, Goodglass, & Weintraub, 1983) . We administered an abbreviated version of the Boston Naming Test. This involved confrontation naming of visual line drawings of objects. We report naming accuracy.
Category naming fluency . This measure of lexical semantic retrieval also involves mental organization and working memory. The subjects named as many different animals as possible in 60 sec. We report the total number of unique names that are animals.
Letter fluency . In this measure of mental search, the subjects named as many different words as possible beginning with the letters F, A, and S. They were given 1 min to name words beginning with each letter and were told not to provide proper names or numbers. We report the average number of words named per minute. Stroop test (Stroop, 1935) . In this measure of inhibitory control, the subjects were shown a sheet of paper containing five columns of 16 color names printed in a colored font that differed from the word (e.g., the word RED printed in a green font). The subjects named as many of the font colors as possible. We report the total number of errors made by the patients during task performance (up to 300 sec).
Trails B test (Reitan, 1958) . In this measure of task switching, the subjects were shown a sheet of paper with randomly arrayed numbers (1 to 13) and letters (A to M). They were asked to join the letters and numbers in ascending order, alternating between letters and numbers (i.e., "1-A-2-B-3-C . . ."). We report the amount of time (up to 300 sec) needed by the subjects to complete the task.
Digit span-reverse (Wechsler, 1995) . To assess working memory, the subjects repeated increasingly longer lists of numbers in an order that reversed the order of presentation. We report the longest set of digits that the subjects repeated correctly in the reverse order.
Using a z score of 21.65 as the threshold for a significant abnormality, we found that the AD and the FTD patients were significantly impaired on measures requiring semantic memory, including semantic association, confrontation naming, and category naming. The AD patients were also impaired on a measure of episodic memory, and both groups were impaired on several measures of executive functioning (see Table 1 ).
Materials
We developed 20 brief written descriptions of objects. Each included a quantitative measure of one feature, such as "a round object 2 in. in diameter." The subjects were asked to select which of two available written category names best captured the described object. The quantitative value was selected so that it was intermediate in its extent between the two categories. Pretesting in 10 young control subjects helped determine the quantity that would lead to the association of the object description to each category roughly half of the time. Moreover, the relevant dimension was fixed in its dimensionality for one of the two available categories and was variable for the second category. The description "a round object 2 in. in diameter," for example, was presented with "quarter" (a category that has a fixed diameter smaller than 2 in.) and "pizza" (a category with a variable diameter that is generally larger than 2 in. but need not be). The fixed and variable choices were matched in their frequencies of occurrence (Francis & KuÏ cera, 1982) .
We also administered 20 rich descriptions to the subjects. These were identical to the brief descriptions, except that the descriptions included an additional phrase that is characteristically associated with the fixed categories. For example, a rich description might be "a round object 2 in. in diameter found in an arcade." A quarter is often found in an arcade, although this is clearly not a necessary feature of "quarter." A pizza can be found in an arcade as well, although this association is not as strong as it is for quarters (according to assessments of 5 young subjects).
We assessed the patients' knowledge of the dimensions of the categories used in this study by asking them to evaluate the truth value of 80 statements. Half of the statements about each category were true (e.g., "A quarter is 1 in. in diameter"), and half were false (e.g., "A quarter is 3 in. in diameter"). The statements were presented aurally to the patients in a random order at the completion of the protocol.
The description and the two category choices were presented to the subjects under two experimental conditions. In the first, rule condition, the subjects were told that one of the choices must be correct and that the choices should be carefully considered in the context of the description. The subjects were encouraged to "think aloud," since a previous experiment had shown that responses under the rule condition were more likely to be appropriate if the subjects explicitly reasoned about the nature of the description relative to the properties of the available category choices (E. E. Smith & Sloman, 1994) . In the case of the rich descriptions, moreover, consideration of the irrelevant feature associated with the fixed object must be inhibited so that the correct answer can be identified. The second, similarity condition required the subjects to choose the category that had the greatest overall similarity to the description. The subjects were told that there was no correct answer and that they had to decide which category was most similar, overall, to the description. All but 2 of the 23 AD patients and all of the FTD patients participated in both the rule and the similarity conditions, with randomly ordered sessions separated by about 1 month.
We also administered a control, or degraded , condition. This was identical to the similarity condition, except that the font for presenting the written object description and the written category choices was perceptually degraded. This condition was administered because of the likelihood that the rule condition would be more demanding than the similarity condition. We sought to make the similarity condition as demanding, in a general or overall sense, as the rule condition, but without requiring specific executive resources and without provoking a rule-like attitude when considering the descriptions, paralleling Barch et al. (1997) . This control condition was used to help us establish more confidently the role of specific executive resources during rule-based categorization by dissociating nonspecific task difficulty. We established the degree of perceptual degradation empirically with 5 young subjects and 5 older subjects in such a way that the latencies to respond to these problems was prolonged so as to approximate the latencies needed to make decisions in the rule condition. Subgroups of 17 AD patients and 11 FTD patients participated in the degraded condition.
Procedure
These problems were presented by laptop computer (Macintosh G3) controlled by Psyscope software (Cohen, MacWhinney, Flatt, & Provost, 1993) . First, the subjects saw the written description for 4 sec, and then the two written category choices were also made available, arrayed horizontally beneath the description on the computer screen. The variable category choice was in the left position for 50% of the trials, the fixed choice was in the left position for the remaining trials, and these types of items were ordered pseudorandomly so that the category with the variable feature was in the same lateralized position for no more than three consecutive trials. The subjects pressed one of two computer keys (one on the left of the keyboard beneath the display, the other on the right) to indicate their selection. The descriptions were presented in two blocks, with a brief rest in between the blocks. Half of the brief descriptions and half of the rich descriptions were in one block. The second block consisted of rich versions of the brief descriptions presented in the first block and brief versions of the rich descriptions presented in the first block. The order of block presentation was random. The items of interest were mixed with an equal number of similarly structured trials that included a description and two choices, where neither object was fixed in the dimension mentioned in the description.
Each session consisted of the presentation of these descriptions only under rule, similarity, or similarity-degraded conditions. Each of the sessions was separated by at least a month from the others. The order of condition presentation was random. Healthy subjects were exposed to only one condition. Prior to each session, the subjects were given a training session that familiarized them with the instructions and the experimental apparatus, including the presentation of several practice trials. All the subjects appeared to understand the procedure.
RESULTS

Categorization in Control Subjects
For brief descriptions, t tests demonstrated that the healthy seniors were significantly more likely to select the variable category under rule instructions than under similarity instructions [t (9) 5 3.90, p , .005], as is illustrated in Figure 1 . Thus, the healthy control subjects were able to identify the category with the fixed relevant dimension and then reject this category since it did not meet the criterion in the description. This is unlikely to have been due to nonspecific difficulty associated with the rule condition, since the healthy control subjects also selected the variable category significantly more often under rule instructions than under similarity instructions with perceptually degraded presentations [t (9) 5 2.43, p , .05]. The control subjects were not more likely to select the variable category under similarity instructions with clearly printed text, as compared with the similarity-degraded condition [t (9) 5 2.17, n.s.]. These findings replicated the results of previous assessments of categorization, with a paradigm similar to this, in young adults (Rips, 1989 ; E. E. Smith & Sloman, 1994) .
The distinct performance profile under rule instructions was also seen for rich descriptions. The healthy seniors again selected the variable category significantly more often under rule instructions than under similarity instructions [t(9) 5 3.84, p , .005]. The control subjects thus were sensitive to the relevant feature critical to meeting the criterion specified in the description under rule instructions, as compared with similarity instructions, despite the presence of a distracting incidental feature. The healthy seniors also selected the variable category significantly more often under rule instructions, as compared with the similarity-degraded condition [t(9) 5 5.34, p , .001], but there was no difference in selecting the variable category under similarity instructions with clearly printed text, as compared with perceptually degraded text [t (9) 5 0.18, n.s.]. In sum, these findings indicated that healthy seniors are sensitive to the critical features of categories when required to engage rule-based processes during categorization decisions about word meaning but change in their treatment of these categories when judging category membership on the basis of overall similarity.
The control subjects also showed consistent differences between brief descriptions and rich descriptions under all the instruction conditions. This included rule [t(9) 5 2.76, p , .05], similarity [t(9) 5 4.92, p , .001], and degradedsimilarity [t (9) 5 9.00, p , .001] conditions. The healthy control subjects thus consistently categorized rich descriptions into the variable category significantly less often than brief descriptions. This emphasizes that these subjects were sensitive to the incidental features of rich descriptions that were designed to bias subjects away from the variable category. Despite the biases associated with the irrelevant features of the rich descriptions, the healthy seniors were able to implement rule-based criteria based on detecting the feature critical for category membership, as was noted above.
Categorization in Alzheimer's disease
Unlike the control subjects, the patients with AD did not differ in their categorization performance under rule instructions, as compared with similarity instructions. As is summarized in Figure 1 , this was true for brief descriptions [t (20) . These findings imply that AD patients are less sensitive than control subjects to the critical features of categories under rule-based instructions but do not differ from control subjects in their similarity-based judgments.
We examined performance with perceptually degraded stimuli under similarity instructions in AD to determine whether general or overall difficulty would account for their performance limitations with rule-based categorization. We found that categorization performance under similarity instructions with perceptually degraded material did not differ from performance under similarity instructions with clear text [brief descriptions, t (13) 5 0.74, n.s.; rich descriptions, t (13) 5 0.99, n.s.] and differed only marginally as compared with rule-based instructions [brief descriptions, t(13) 5 2.16, p , .05; rich descriptions, t (13) 5 1.34, n.s.]. Thus, increasing overall task-related difficulty by degrading stimulus materials perceptually does not result in a major decrement in AD patients' performance and appears to have minimal impact on rulebased categorization.
It is important to note that the AD patients were not indiscriminately insensitive to all features of objects. Specifically, like the control subjects, the AD patients were biased away from choosing the variable category for a rich description, as compared with a brief description. This was evident under rule instructions [t (20) 5 7.73, p , .001] and similarity instructions [t(22) 5 7.61, p , .001] and in the degraded-similarity condition [t (16) 5 3.14, p , .01]. Thus, the AD patients and the control subjects were equally sensitive to the bias induced by the incidental features of rich descriptions, implying that AD patients have selective difficulty isolating the features of a category that are critical during rule-based categorization.
The Role of Executive Resources and Episodic Memory in AD Patients' Categorization
Several observations suggest that AD patients' poor rulebased processing is related to a limitation in the executive resources needed for this form of categorization-specifically, to attend selectively to one feature while inhibiting others. First, we examined correlations between categorization and performance on measures of executive functioning. Our summary measure for categorization was the difference in the percentage of choosing the variable category during the rule condition minus the percentage of choosing the variable category during the similarity condition, averaged over brief and rich descriptions. We found that this summary measure correlated significantly with letter fluency, a measure of mental search [r 5 .58, p , .01]. The summary categorization measure also correlated with Stroop performance, a measure of inhibitory control [r 5 2.52, p , .02]. We did not find a correlation between our summary measure of categorization and Trails B performance [r 5 2.32, n.s.], suggesting that the switching component central to the Trails B task contributes less importantly to rule-based categorization of object descriptions. Similarly, there was no correlation between the summary categorization measure and the reverse digit span measure [r 5 .02, n.s.], suggesting that limited working memory does not contribute substantially to semantic categorization difficulty. When we correlated categorization with MMSE and episodic memory performance, we did not find a correlation [r 5 .27 and .20, respectively], suggesting that rule-based categorization is related to specific executive resources, rather than to overall dementia severity or episodic memory.
Categorization in Frontotemporal Dementia
To test the hypothesis that difficulty with rule-based categorization is related to AD patients' executive limitations from another perspective, we examined FTD patients who were known to have significant deficits on measures of executive functioning. We found a pattern of performance in the FTD patients that closely resembled our observations of the AD patients. These findings are summarized in Figure 1 . The FTD patients, like the AD patients, differed from the control subjects, since the FTD patients were equally likely to select the variable category under rulebased and similarity instructions for brief descriptions [t (16) 5 1.36, n.s.] and for rich descriptions [t (16) 5 2.04, n.s.]. Direct comparison of the FTD patients and the AD patients with t tests revealed no statistical differences between these patient groups under any condition (all p values . .10). Similarly, there was no difference in the FTD patients' selection of the variable category for the degradedsimilarity condition for brief descriptions [as compared with the rule-based condition, t (10) 5 1.52, n.s.; as compared with the similarity condition, t (10) 5 0.69, n.s.] and for rich descriptions [as compared with the rule-based condition, t (10) 5 1.32, n.s.; as compared with the similarity condition, t(10) 5 0.06, n.s.]. We also divided the FTD patients into subgroups, including progressive nonfluent aphasics (n 5 6), semantic dementia patients (n 5 6), and patients with combined dysexecutive and social/behavioral disorder (n 5 5). Statistical tests did not reveal any differences between these subgroups for any set of conditions. This suggests that the FTD patient subgroups were equally compromised in their ability to engage rule-based processes during categorization decisions. The FTD patients also were as biased as the AD patients and the control subjects by the incidental features of rich descriptions during their categorization judgments. Thus, like the control subjects and the AD patients, the FTD patients were biased away from the variable category for a rich description, as compared with a brief description, under rule-based instructions [t (16) 3.70, p , .005 ]. Taken together, the parallel patterns of performance across the AD patients and the FTD patients suggest that rule-based categorization impairments in AD are due, at least in part, to limited executive resources.
DISCUSSIO N Semantic Categorization in Healthy Seniors
Our observations imply that healthy seniors engage at least two distinct processes during their categorization decisions. They are able to make overall similarity comparisons, and when obliged to, they are able to use a rule-based approach that requires selectively attending to a feature that is critical for category membership while inhibiting attention to an incidental feature. This extends to healthy seniors previous observations of categorization flexibility shown by younger subjects (Hampton, 1998; Rips, 1989; E. E. Smith & Sloman, 1994) and emphasizes that multiple categorization processes are available to healthy subjects in an age-invariant manner.
We also found that making the similarity judgment more difficult in an overall manner by perceptually degrading the stimuli does not change the pattern of categorization performance: Rule-based instructions continue to result in significantly greater sensitivity to the critical feature of a category, relative to similarity-based judgments for perceptually degraded stimuli. Moreover, patterns of performance under similarity-based instructions do not vary depending on whether the stimuli are perceptually degraded or not. Nonspecific difficulty thus does not appear to exert a significant impact on performance, and performance changes as a result of the rule-based instructions cannot be attributed to vaguely increased task-related demands.
A final point is that healthy seniors are able to discriminate between critical features of an object and incidental features: Despite a rich description of an object containing an incidental feature that could potentially distract the subjects, the healthy seniors remained sensitive to the critical feature of a description that determined its category membership.
Sematic Categorization in Alzheimer's Disease
Consider AD patients' semantic categorization performance in this context. AD patients do not demonstrate the same flexible access to multiple categorization processes. They are able to make similarity-based categorization decisions in a manner that resembles healthy seniors to a remarkable extent. However, AD patients do not modify their category membership decisions when instructed to use rule-based processes: When required to identify a critical feature of a category, they continue to perform as if they are making their category membership decisions on the basis of an overall similarity-based evaluation.
It is important to point out that AD patients, like control subjects, modify their performance for rich descriptions: AD patients are as biased as control subjects by this additional, incidental feature. Observations of sensitivity to features in object descriptions such as this discount claims that AD patients' performance is chance or random. Additional evidence contradicting the claim that AD patients' similarity-based categorization performance is random comes from a recent study showing that AD patients learned to identify members of a new meaningful category under similarity-based instructions with about 72% accuracy and learned to reject nonmembers of the new category with about 79% accuracy . Furthermore, the patients' relatively preserved knowledge of the value on the critical dimension of the categories used in this study makes it less likely that degraded knowledge in semantic memory can explain their difficulty. Thus, it appears that it is the status of a feature as critical to a category that is the source of difficulty for AD patients under rule-based instructions. These findings are consistent with the hypothesis that a crucial process central to word meaning-the process of rule-based categorization -is compromised in AD.
Some investigators hypothesize that a single system can explain the performance seen in the kind of experiment described above (Nosofsky & Johansen, 2000; Nosofsky & Palmeri, 1998) . From this perspective, the rule-based impairment in AD may be due to limitations in dimensional weighting and context sensitivity, which are important properties of the psychological similarity space in which object descriptions are embedded. The inclusion, in our experiment, of brief versus rich object descriptions as a factor orthogonal to rule-based and similarity-based categorization in fact tests characteristics such as context sensitivity by requiring patients to narrow the distribution of object features for comparison with an exemplar. We found that AD patients are as sensitive as healthy seniors to the biasing effects of a rich description. Yet AD patients are significantly less sensitive than healthy seniors to the rule-based nature of some categorization instructions. This dissociation is consistent with the dual approach to categorization.
We hypothesize that the rule-based process for semantic categorization depends in part on executive resources, such as selective attention, inhibitory control, working memory, and switching. These are needed to select the list of features under evaluation for their critical status, to maintain inhibitory control over irrelevant features that can obscure the important role of critical features during rule-based semantic categorization, and to support switching between features during inspection of an object. AD patients are known to have executive resource limitations (Fisher et al., 1990; LaFleche & Albert, 1995; Pate et al., 1994; Patterson et al., 1996; . Other work has demonstrated that these executive difficulties detract from AD patients' performance on language tasks (Grossman & Rhee, 2001; Kempler, Almor, Tyler, Andersen, & MacDonald, 1998; Kempler, Andersen, & Henderson, 1995; Waters & Caplan, 1997; Waters, Rochon, & Caplan, 1998) . We assessed the hypothesized role of executive resources in rule-based semantic categorization from two perspectives. First, we correlated AD patients' rule-based categorization with measures of executive functioning. We found that performance on rule-based categorization judgments correlated with performance on several specific measures of executive functioning. This included letter fluency and Stroop performance. The selective nature of the correlation pattern suggests that executive resources are not undifferentiated but may make selective contributions to semantic categorization. Although this correlational approach has many limitations, these observations are consistent with the claim that impaired executive functioning contributes to AD patients' difficulty with rule-based semantic categorization.
We implemented a control condition, using perceptually degraded stimuli to assess the possibility that the AD patients were impaired due to nonspecific task-related difficulty. We did not observe a frank decrement in performance with perceptually degraded stimuli. This approach was used previously to make a task more difficult without necessarily requiring the implementation of specific executive resources, such as working memory (Barch et al., 1997) . In this f MRI study, the distribution of cortical activation associated with a working memory task was uninfluenced by performance on a condition that was made more difficult in a nonspecific fashion by the perceptual degradation of the stimuli. Some AD patients have visual perceptual impairments (Cronin-Golomb et al., 1991; Levine, Lee, & Fisher, 1993; Mendez, Mendez, Martin, Smyth, & Whitehouse, 1990; Ober, Jagust, Koss, Delis, & Friedland, 1991; Sadun, Borchert, DeVita, Hinton, & Bassi, 1987) , and this kind of deficit can impact performance on language measures, such as naming and wordpicture matching (Silveri & Leggio, 1996; Tippett & Farah, 1994) . From this perspective, it is possible that the degradation of visual stimuli would tax executive resources more directly by requiring AD patients to retain partially processed material in working memory during the prolonged period needed to process the stimuli. We would have expected a performance decrement during similarity-based categorization for degraded stimuli, relative to nondegraded stimuli. However, this was not observed. These findings suggest that accounts appealing to nonspecific difficulty cannot easily explain AD patients' pattern of impaired semantic categorization. Rule-based categorization nevertheless may involve some general problem solving, in that subjects must make a categorization decision on the basis of something like a process of elimination (e.g., "it's too wide to be a quarter; therefore, it must be the other alternative"). Additional work is needed to assess the role of problem-solving in rule-based categorization.
The second way that we assessed the role of executive functioning in rule-based semantic categorization was to evaluate FTD patients. Patients with FTD are known to have limited executive resources (Elfgren et al., 1993; Pasquier et al., 1995; Rahman et al., 1999) . We found a remarkable resemblance between AD patients and FTD patients: These groups of subjects were equally limited in their ability to engage rule-based semantic categorization. To be sure, we cannot rule out the possibility that AD patients and FTD patients are impaired for different reasons on this task, and additional work is necessary to help define the similarities and differences across these two groups of patients.
Intact functioning of executive resources is said to depend, in large part, on the integrity of the prefrontal cortices. A large body of work has emphasized the critical role of prefrontal brain regions in the performance of executive measures (E. E. Smith & Jonides, 1999; E. E. Smith, Marshuetz, & Geva, 2002) . More recently, several studies have demonstrated the contribution of frontal recruitment during assessments of semantic memory (Demb et al., 1995; Demonet et al., 1992; Grossman, Smith, et al., 2002; Kapur et al., 1994; Petersen et al., 1989; Poldrack et al., 1999; Raichle et al., 1994; Tulving et al., 1994) . In a functional neuroimaging study of healthy adults, for example, Thompson-Schill et al. (1997) tested the hypothesis that inferior frontal activation during semantic tasks is related to the process of selecting a relevant feature of semantic knowledge from a set of competing alternatives. Three tasks were administered to the same set of subjects under two conditions: High selection (in which alternatives were equally strong) and low selection (in which one alternative was dominant). The investigators reported increased activation centered in Brodmann area 44/45 for the highselection condition, as compared with the low-selection condition, of each task. Although this report described frontal activation in a study assessing an executive resource such as selective attention in semantic memory, the difference between high selection and low selection does not correspond to the difference between rule-based and similarity-based categorization examined in the present study. In another study directly contrasting rule-based and similarity-based categorization, Grossman, Smith, et al. (2002) presented the object descriptions used in the present study to young healthy adults while monitoring regional cerebral activity with f MRI. The subjects then categorized these descriptions, using rule-based or similarity-based instructions. Behavioral performance was very similar to that observed in the healthy seniors of the present study: The subjects demonstrated their access to multiple categorization strategies through differences in performance that depended on the use of either similarity-based or rulebased instructions. A direct contrast of rule-based categorization and similarity-based categorization showed greater activation of the left dorsolateral prefrontal cortex (Brodmann areas 8 and 9) for rule-based categorization. In a recent f MRI study of semantic memory in AD, there was reduced activation of the lateral prefrontal cortex (Brodmann areas 44 and 46) during probes of word meaning across multiple semantic categories (Grossman et al., 2003) . These observations are consistent with the hypothesis that AD patients' poor rule-based categorization is due, at least in part, to a limitation in executive resources supported by prefrontal brain regions.
We used two-tailed t tests to examine our data statistically. Our statistical tests were determined in an a priori manner guided by our hypothesis. Despite the availability of small groups in patient-based studies such as this, we found consistent statistical support for our hypothesis. We did not correct for multiple comparisons in our statistical tests because of the hypothesis-driven nature of our analysis and because many of these tests were used to assess control conditions (e.g., judgments of degraded stimuli and assessments of FTD patients) implemented to bolster the validity of our claims.
In sum, we found that rule-based semantic categorization is limited in patients with AD. This observation begins to suggest that the semantic memory impairment in AD is due to several kinds of difficulty. There may be degradation of semantic knowledge in these patients, possibly affecting their comprehension for a specific category of knowledge. On the basis of our observations, AD patients' semantic memory deficit also may be due in part to an impairment appreciating the significance of a category's critical features, while inhibiting its incidental features, during rule-based semantic categorization judgments.
